The cellular inhibitor of apoptosis (c-IAP) proteins are E3 ubiquitin ligases that are critical regulators of tumour necrosis factor (TNF) receptor (TNFR)-mediated signalling. Through their E3 ligase activity c-IAP proteins promote ubiquitination of receptor-interaction protein 1 (RIP1), NF-jB-inducing kinase (NIK) and themselves, and regulate the assembly of TNFR signalling complexes. Consequently, in the absence of c-IAP proteins, TNFR-mediated activation of NF-jB and MAPK pathways and the induction of gene expression are severely reduced. Here, we describe the identification of OTUB1 as a c-IAP-associated deubiquitinating enzyme that regulates c-IAP1 stability. OTUB1 disassembles K48-linked polyubiquitin chains from c-IAP1 in vitro and in vivo within the TWEAK receptor-signalling complex. Downregulation of OTUB1 promotes TWEAK-and IAP antagonist-stimulated caspase activation and cell death, and enhances c-IAP1 degradation. Furthermore, knockdown of OTUB1 reduces TWEAK-induced activation of canonical NF-jB and MAPK signalling pathways and modulates TWEAK-induced gene expression. Finally, suppression of OTUB1 expression in zebrafish destabilizes c-IAP (Birc2) protein levels and disrupts fish vasculature. These results suggest that OTUB1 regulates NF-jB and MAPK signalling pathways and TNF-dependent cell death by modulating c-IAP1 stability.
Introduction
The controlled regulation of protein stability by the ubiquitinproteasome system is paramount for maintenance and modification of numerous cellular processes (Hershko and Ciechanover, 1998) . Ubiquitination involves covalent modification of target proteins with ubiquitin, a 76-amino acid protein whose C-terminus can be linked to a lysine residue on a substrate (Hershko and Ciechanover, 1998) . This process requires an E1 ubiquitin-activating enzyme, an E2 ubiquitinconjugating enzyme, and an E3 ubiquitin ligase (Schulman and Harper, 2009) . Covalent attachment of a single ubiquitin molecule to the substrate is referred to as monoubiquitination (Pickart and Fushman, 2004) . However, the presence of seven lysines and a free N-terminus within ubiquitin allows for a variety of ubiquitin-ubiquitin linkages and the formation of polyubiquitin chains (Pickart and Fushman, 2004) . The diverse topology of different polyubiquitin chains presents an opportunity to convey complex biological information that is instrumental for many cellular functions (Ikeda and Dikic, 2008) . Hence, K63-linked chains, N-terminally linked linear chains, and in some cases K11-linked chains provide scaffolding for the recruitment and assembly of signalling complexes . In contrast, K48-linked chains predominantly target substrates for proteasomal degradation (Hershko and Ciechanover, 1998) . The remarkable combinatorial complexity of ubiquitination stems from tens of different E2 enzymes, which mostly dictate the selectivity of ubiquitin chain assembly, and hundreds of E3 ligases, which provide substrate specificity (Deshaies and Joazeiro, 2009 ). The diversity of ubiquitin modifications is complemented by numerous ubiquitin-binding domains that recognize ubiquitin chains with varying levels of specificity to allow transmission of intended biological information (Iwai and Tokunaga, 2009; Husnjak and Dikic, 2012) . Ultimately, ubiquitination is a reversible process as deubiquitinases can cleave polyubiquitin chains to eliminate this post-translational modification and thereby alter its substrate protein's stability and/or functional role (Reyes-Turcu et al, 2009) .
Cellular inhibitor of apoptosis (c-IAP) proteins are really interesting new gene (RING) domain-containing E3 ligases that promote the assembly of polyubiquitin chains on themselves and on several signalling molecules including receptorinteraction protein 1 (RIP1) and NF-kB-inducing kinase (NIK) . c-IAP1 and c-IAP2 are recruited to tumour necrosis factor receptor (TNFR) signalling complexes through their constitutive association with TNFR-associated factor 2 (TRAF2) (Rothe et al, 1995) . Within the TNFR1 complex, c-IAPs undergo autoubiquitination and mediate ubiquitination of RIP1 predominantly with K63 and K11 ubiquitin linkages (Bertrand et al, 2008; Varfolomeev et al, 2008; Haas et al, 2009; Dynek et al, 2010) . This allows the assembly of the inhibitor of kappa B kinase (IKK) and other signalling complexes such as the linear ubiquitin chain assembly complex (LUBAC) and subsequent activation of NF-kB and MAPK signalling pathways (Emmerich et al, 2011; Vucic et al, 2011) . With the exception of TNFR1 and DR3, most of the other TNFR family members also activate the noncanonical NF-kB signalling pathway. The non-canonical NF-kB pathway is continuously inhibited by proteasomal degradation of NIK induced by a complex of E3 ligases c-IAP1 and 2 and adaptor proteins TRAF2 and TRAF3 (Varfolomeev et al, 2007; Vallabhapurapu et al, 2008; Zarnegar et al, 2008) . Binding of TNF family ligands TWEAK or LIGHT to their respective receptors triggers recruitment and aggregation of TRAF2, TRAF3, and c-IAP proteins at the membrane-associated receptor complexes, which stimulates c-IAP E3 ligase activity and results in ubiquitination and degradation of c-IAP proteins as well as TRAF2 and TRAF3 (Varfolomeev et al, 2012) .
TWEAK-stimulated degradation of c-IAP proteins activates non-canonical NF-kB signalling, but it also eventually limits TWEAK-induced activation of the canonical NF-kB and MAPK pathways and sensitizes to cell death (Vince et al, 2008; Varfolomeev et al, 2012) . Activation of NF-kB and MAPK signalling pathways by TWEAK induces the expression of TNF, which can bind TNFR1 to activate its signalling (Silke and Brink, 2010) . However, in the absence of c-IAP proteins, RIP1 and c-IAP ubiquitination cannot occur (Moulin et al, 2012; Varfolomeev et al, 2012) . Instead, TNFR1 will cause caspase-8 activation leading to cell death (Bertrand et al, 2008) . In a similar fashion, IAP antagonists, which mimic second mitochondrial activator of caspases (SMAC), bind c-IAP proteins and stimulate their E3 ligase activity, resulting in the activation of NF-kB signalling and TNF expression (Varfolomeev et al, 2007; Vince et al, 2007) . Autoubiquitination of c-IAPs leads to their ultimate destruction by the proteasome, thus paving the way for TNF-mediated cell death. This principle of regulated c-IAP degradation is the foundation of IAP antagonist-induced death of cancer cells and tumour growth inhibition, and it is currently being tested as a novel anticancer therapeutic approach in clinical trials (Fulda and Vucic, 2012) .
Gaining a more detailed understanding of processes and relevant cellular factors that modulate c-IAP protein stability should provide additional tools for deciphering complex signalling events. Here, we describe identification of the deubiquitinating enzyme otubain 1 (OTUB1) as a novel regulator of c-IAP1 stability. OTUB1 associates with c-IAP1 and removes K48-linked polyubiquitin from c-IAP1 in vitro and in vivo in the context of TWEAK signalling. Knockdown of OTUB1 enhances c-IAP1 degradation, and TWEAK-and IAP antagonist-stimulated caspase activation and cell death. In addition, downregulation of OTUB1 reduces TWEAK-induced activation of canonical NF-kB and MAPK signalling pathways and modulates TWEAK-induced gene expression. In zebrafish, inhibition of OTUB1 expression emulates suppression of c-IAP (BIRC2) expression and disrupts fish vasculature. Collectively, this study suggests that OTUB1 regulates survival and signalling pathways by modulating c-IAP1 stability.
Results

Identification of potential regulators of c-IAP stability
Several members of the TNF family including TWEAK and LIGHT, as well as IAP antagonists, stimulate autoubiquitination and subsequent proteasomal degradation of c-IAP proteins Varfolomeev et al, 2012) . To search for proteins that might bind to c-IAP proteins and affect their stability, we have generated stably transfected KMS18 cell lines that express Flag-tagged c-IAP1, c-IAP2 or empty Flag vector plasmid. KMS18 cells do not express endogenous c-IAP proteins due to genetic deletion of the c-IAP locus (Annunziata et al, 2007; Keats et al, 2007) . Pull-down with Flag-affinity resin followed by mass spectrometry analysis revealed the presence of several known c-IAP1 and c-IAP2 interacting partners and signalling proteins Varfolomeev et al, 2012) including TRAF2, TRAF3, TRAF1, and NEMO, as well as members of the LUBAC, HOIP, and HOIL-1L ( Figure 1A ). In addition to these regulators of NF-kB and MAPK signalling pathways, we have also identified a number of ubiquitin-related proteins including E3 ligases UBR4 and UBR5, and several deubiquitinating enzymes (DUBs): USP15, USP7, USP9X, and OTUB1 ( Figure 1A ; Supplementary Figure 1) . Deubiquitinating enzymes were of special interest as they can efficiently regulate stability of the target proteins by removing ubiquitin moieties from their substrates (Reyes-Turcu et al, 2009) .
To further explore the potential relevance of DUBs for c-IAP1 stability, we performed a DUB screen by ectopically expressing a library of DUB cDNAs and treating transfected cells with the IAP antagonist BV6 (Varfolomeev et al, 2007; Supplementary Figure S2 ; Supplementary Table S1 ). As a readout we evaluated the levels of endogenous c-IAP1 protein in treated cells ( Figure 1B) . Most of the examined DUBs did not affect c-IAP1 protein levels but expression of OTUB1 and USP15 stabilized c-IAP1 protein to a similar degree as the treatment with protease inhibitor MG132 ( Figure 1B ; Supplementary Figure S2 ). Several DUBs that have been implicated in NF-kB signalling pathways, such as CYLD or A20, and USP7 and USP9X that were identified in our pulldowns, did not stabilize c-IAP1 following IAP antagonist treatment and were not further examined ( Figure 1B ).
OTUB1 regulates c-IAP1 protein stability and TNF-dependent cell death
Given that c-IAP1 is an important regulator of cell death we investigated the roles of DUB candidates OTUB1 and USP15 in extrinsic and intrinsic apoptotic pathways. Knockdown of OTUB1 potentiated cell death induced by TWEAK or BV6, while downregulation of USP15 had no effect (Figure 2A ). On the other hand, knockdown of OTUB1 did not affect etoposide-stimulated cell death (Supplementary Figure S3) . These data suggest that OTUB1 might regulate TNF-dependent cell death pathways in which c-IAP1 plays a critical role, such as TWEAK-and IAP antagonist-induced apoptosis. Based on these results, we focused on OTUB1 as a potential deubiquitinase for c-IAP1.
Previous reports suggested that OTUB1 might regulate the stability of several signalling molecules including TRAF3 and TRAF6 (Li et al, 2010) . The importance of OTUB1 for the stability of TRAFs and other signalling proteins was evaluated by downregulation of OTUB1 expression with two different siRNA oligos separately and together. Knockdown of OTUB1 did not affect protein levels of IkBa, p100, TRAF2, TRAF3, TRAF6, or TAK1 (Supplementary Figure 4A) . Steadystate levels of c-IAP1 and XIAP proteins were also unaffected by OTUB1 knockdown (Supplementary Figure 4A) . Importantly, downregulation of OTUB1 did not affect the mRNA levels of c-IAP1 ( Figure 2B ). Nevertheless, knockdown of OTUB1 potentiated BV6-stimulated degradation of c-IAP1, in agreement with the results from the DUB screen (Supplementary Figure S4B) . Next, we evaluated the stability of c-IAP1 following TWEAK treatment when OTUB1 was downregulated and observed that knockdown of OTUB1 enhanced c-IAP1 degradation ( Figure 2C ; Supplementary Figure S4C ). Treatment with MG132 stabilized c-IAP1 protein levels, while the pan-caspase inhibitor zVAD or TNF blockade had no effect, suggesting that knockdown of OTUB1 increased proteasomal degradation of c-IAP1 ( Figure 2C ). Evaluation of c-IAP1 half-life following TWEAK treatment revealed that knockdown of OTUB1 significantly potentiated c-IAP1 degradation ( Figure 2D ). Similarly, c-IAP1 degradation induced by treatment with the related TNF-family ligand LIGHT was potentiated in the absence of OTUB1 (Supplementary Figure S4D ). In accordance with its ability to modulate c-IAP1 stability, endogenous binding of OTUB1 to c-IAP1 was detected in examined cell lines ( Figure 2E ). Knockdown of OTUB1 also destabilized related c-IAP2 protein following TWEAK treatment, although not as pronounced as c-IAP1 (Supplementary Figure 4E) .
Knockdown of OTUB1 enhanced cell death induced by TWEAK or BV6 in several cell lines ( Figure 3A ; Supplementary Figure S5A and B). Conversely, overexpression of OTUB1 diminished TWEAK-mediated c-IAP1 degradation and cell death induction (Supplementary Figure S5C) . Thus, the apoptosis-regulatory activity of OTUB1 is limited to stimuli that destabilize c-IAP1. On the other hand, downregulation of OTUB1 did not affect cell death induction by TNFa, FasL, or agonistic anti-DR5 antibody (Supplementary Figure 5D and E). To investigate the mechanistic aspects of this increase in cell death, we co-treated cells with the TNF-blocking reagent TNFRII-Fc or with the pan-caspase inhibitor zVAD. Both reagents provided significant protection from OTUB1-potentiated cell death ( Figure 3B ). Examination of cellular lysates after TWEAK treatment revealed enhanced caspase-8 and caspase-3 processing following OTUB1 knockdown, further supporting the role of caspases in OTUB1-stimulated cell death ( Figure 3C ). Thus, OTUB1 knockdown destabilizes c-IAP1 and promotes caspase-and TNF-dependent cell death.
OTUB1 removes K48-linked polyubiquitin chains from c-IAP1
Structural and biochemical studies have shown that OTUB1 has a strong preference for cleaving K48-linked over K63-linked polyubiquitin chains (Edelmann et al, 2009 ).
We extended those observations by testing the ability of OTUB1 to cleave K11-linked and linear chains in addition to K48-and K63-linked polyubiquitin chains in reconstituted deubiquitination reactions. Our results unambiguously show that wild-type but not catalytically dead Cys91Ala (C91A) mutant OTUB1 exclusively cleaves K48-linked polyubiquitin chains (Supplementary Figure S6) . Importantly, OTUB1 shows the same selectivity in removing K48-linked polyubiquitin chains from in vitro autoubiquitinated c-IAP1 ( Figure 4A ). At the same time, OTUB1 did not disassemble K11-linked polyubiquitin chains from c-IAP1 and the C91A Figure 2 OTUB1 modulates c-IAP1 stability and cellular viability. (A) EVSA T and HT1080 cells were transfected with control, OTUB1-specific, or USP15-specific siRNA oligos and 48 h later treated with TWEAK or BV6 (EVSA T), or BV6 and TNFa (HT1080). Cell death was assessed using CellTiter-Glo luminescent cell viability assay 24 h following the start of treatment. (B) Indicated cell lines were transfected with control or OTUB1-specific siRNA oligos and 48 h later mRNA levels of OTUB1 and c-IAP1 were determined by quantitative RT-PCR. All values were normalized to an RPL19 RNA internal control. Columns represent mean from triplicate experiments and bars represent standard deviation. (C) HT1080 cells were transfected with control or OTUB1-specific siRNA oligos and 48 h later with TWEAK (100 ng/ml) for 1 or 4 h in the presence of MG132 (20 mM), zVAD (20 mM), or TNFRII-Fc (20 mg/ml). Protein levels were determined by western blotting with c-IAP1, OTUB1, TRAF2, or Actin-specific antibodies. (D) HT1080 cells were transfected with control or OTUB1-specific siRNA oligos and 32 h later preincubated with transcription inhibitor Actinomycin D (1 mg/ml) for 16 h and then treated with TWEAK (100 ng/ml) for 1-6 h. The effect of OTUB1 knockdown on c-IAP1 half-life was examined by western blotting (left panel) and subsequent densitometry of band intensities was indicated under c-IAP1 western blot and plotted as a function of time using RGraph (t1/2 differences are significant with Z ¼ 5.815 and Po0.0001) (right panel). (E) Endogenous association of c-IAP1 and OTUB1. A2058 and HT1080 cells were treated with MG132 (20 mM) for 1 h, lysed and immunoprecipitated with c-IAP1-specific (c1) or isotype control (Ig) antibodies. Cellular lysates and immunoprecipitates were examined by western blotting using antibodies specific for c-IAP1, OTUB1, or Actin. mutant of OTUB1 did not cleave any of the examined polyubiquitin chains ( Figure 4A ). Next, we investigated OTUB1-mediated DUB activity on autoubiquitinated c-IAP1 in cells. Ectopic expression of c-IAP1 with tagged ubiquitin constructs that can assemble only K11-, K48-, or K63-linked polyubiquitin chains yielded autoubiquitination of c-IAP1 with selective linkages ( Figure 4B ). Co-expression of OTUB1 resulted in a stark reduction in K48-linked c-IAP1 autoubiquitination while sparing other polyubiquitin chain linkages ( Figure 4B ). Thus, OTUB1 can deubiquitinate c-IAP1 in vitro and in vivo, with a clear selectivity for K48-linked chains.
In addition to acting as a canonical deubiquitinating enzyme that cleaves polyubiquitin chains, OTUB1 can also inhibit ubiquitination in a non-canonical fashion by binding E2 enzymes and preventing ubiquitin chain synthesis (Nakada et al, 2010; Juang et al, 2012; Sato et al, 2012; Wiener et al, 2012) . To examine possible non-canonical activity of OTUB1 in c-IAP1 deubiquitination, we pre-incubated OTUB1 with E2 enzyme UbcH5c in the presence of E1 enzyme and ubiquitin reaction components and subsequently added c-IAP1 to the reconstituted ubiquitination reaction. The presence of OTUB1 did not affect c-IAP1 autoubiqutination (Supplementary Figure  S7A) . Similarly, OTUB1 did not affect c-IAP1-mediated assembly of K48-linked or K11-linked polyubiquitin chains (Supplementary Figure S7B ). Lastly, we tested if OTUB1 could disrupt c-IAP1 E3 ligase activity in vivo. Knockdown of OTUB1 did not diminish TNF-stimulated RIP1 ubiquitination, and expression of OTUB1 did not prevent c-IAP1-mediated NIK degradation, suggesting that OTUB1 does not affect E3 ligase activity of c-IAP1 in a non-canonical fashion (Supplementary Figure S7C and D) . In addition, OTUB1 was not recruited to TNFR1 complex and its absence did not affect the engagement of RIP1 and c-IAP1 into this complex either (Supplementary Figure S7C ).
OTUB1 modulates TWEAK-stimulated signalling and K48-specific c-IAP1 ubiquitination
To investigate the nature of endogenous c-IAP1 ubiquitination, we took advantage of recently developed ubiquitin chain-specific antibodies (Newton et al, 2008; Matsumoto et al, 2010) . We first treated HT1080 cells with a wellestablished stimulator of c-IAP1 E3 ligase activity, IAP antagonist BV6, and observed K11-, K63-, and K48-specific autoubiquitination of c-IAP1 ( Figure 5A ). Such ubiquitination profile confirmed earlier studies with recombinant c-IAP1 and validated these reagents for the investigation of endogenous c-IAP1 ubiquitination (Blankenship et al, 2009; Phu et al, 2011) . Next, we treated HT1080 cells with TNFa or TWEAK and, after denaturing lysis, immunoprecipitated cellular lysates with ubiquitin chain-specific antibodies. TWEAK treatment stimulated marked K11-and K63-, as well as K48-linked polyubiquitin chain assembly, while TNFa triggered moderate but visible K11-and K63-specific and no K48-specific c-IAP1 ubiquitination ( Figure 5B ). We also examined endogenous ubiquitination of RIP1, a wellestablished ubiquitination substrate in TNF signalling. As previously reported (Dynek et al, 2010) , TNFa treatment prompted the assembly of all three examined ubiquitin linkages on RIP1, while TWEAK did not stimulate RIP1 ubiquitination-consistent with the absence of RIP1 from Figure 8A) . To evaluate the importance of OTUB1 for endogenous c-IAP1 ubiquitination, OTUB1 was knocked down and cells were treated with TWEAK. As a result of OTUB1 absence, endogenous K48-linked polyubiquitination of c-IAP1 was much more apparent within the TWEAK signalling complex ( Figure 5C ). Accordingly, OTUB1 is recruited to TWEAK receptor FN14 with the same kinetics as c-IAP1 and its constitutive partner TRAF2 ( Figure 5D ). These results suggest strongly that TWEAK and IAP antagonists promote endogenous K48-specific c-IAP1 ubiquitination that can be regulated by OTUB1.
Given that OTUB1 can regulate c-IAP1 stability and TWEAK-induced cell death (Figure 2) , we asked whether OTUB1 can affect TWEAK-stimulated signalling. Transient or stable knockdown of OTUB1 did not affect non-canonical NF-kB signalling stimulated by TWEAK or CD40 treatment (Supplementary Figure S8B-D) . However, downregulation of OTUB1 significantly diminished TWEAK-induced activation of canonical NF-kB and MAPKs JNK and p38 ( Figure 6A ). We suspected that this blunted signalling might be associated with enhanced c-IAP1 degradation following TWEAK stimulation. Indeed, downregulation of OTUB1 prompted enhanced c-IAP1 degradation ( Figure 6A ). Since NF-kB and JNK activation induce expression of multiple genes, we assessed the role of the OTUB1 in gene induction by realtime PCR analysis and cytokine ELISA. TWEAK and BV6 induced robust increases in IL-8 production that were attenuated at early time points, but not at later time points, by OTUB1 knockdown ( Figure 6B) . Similarly, OTUB1 downregulation lead to a more pronounced decrease in TWEAK-stimulated mRNA production at earlier time points (Supplementary Figure S9) . These results are not surprising given that TWEAK-induced activation of non-canonical NFkB signalling was not affected by OTUB1 downregulation (Supplementary Figure S8C and D) . At the same time TNF stimulation, which does not result in K48-linked c-IAP1 autoubiquitination, induced gene expression that was not affected by OTUB1 knockdown ( Figure 6B ). Thus, absence of OTUB1 dampens initial but not persistent TWEAK-and BV6-stimulated gene expression, likely because of differential effects of OTUB1 on the activation of the canonical NF-kB and MAPK pathways versus non-canonical NF-kB signalling.
OTUB1 regulates the stability of zebrafish vascular structures
An elegant study by the Stainier group has shown an essential role for Birc2 (zebrafish orthologue of human c-IAP1 and c-IAP2) in the maintenance of vascular integrity in the zebrafish, thus making the zebrafish a suitable model to study Birc2 biological function and stability (Santoro et al, 2007) . To investigate the role of Otub1 in Birc2 stability, we used morpholino antisense olionucleotides (MO) that target Otub1 and monitored vascular development. During zebrafish vascular development, the axial and intersegmental vessels (ISV) develop in a stereotypical pattern and establish a functional vascular network by 72 h post fertilization (hpf). Vascular development was examined in Tg(fli1:EGFP) zebrafish that express GFP in the vasculature, while vascular function and blood flow were analysed by Dextran-rhodamine injection into the common cardinal vein.
Zebrafish contains two Otub1 isoforms, Otub1a (Otub1L) and Otub1b (Otub1). Morpholino knockdown of Otub1 or Otub1L individually reduced their protein levels but had minimal impact on vascular development or stability ( Figure 7A; Supplementary Figure S10A) , as reported previously (Tse et al, 2009) . To test the functional redundancy of Otub1 and Otub1L, we targeted them both simultaneously. Analysis of vascular integrity of embryos with combined Otub1/L knockdown at 72 hpf demonstrated a significant regression and loss of blood flow through ISV along the axis (Supplementary Figure S10) . Confocal imaging of the zebrafish ISV revealed that Otub1/L combination knockdown results in ISV that are non-functional for blood flow, display luminal narrowing and ISV detachment from the axial vessels ( Figure 7B ). Capillary luminal narrowing and detaching from a larger vessel is a hallmark of vascular regression (reviewed in Wacker and Gerhardt, 2011). Importantly, the Otub1/L knockdown resulted in a in vitro. Recombinant c-IAP1 was incubated in reconstituted ubiquitination reaction for 20 min at 301C with K48-only or K11-only ubiquitin followed by the addition of apyrase, for 1 h to stop the ubiquitination reaction. Recombinant OTUB1 wild-type or C91A catalytic mutant was then added and deubiquitination reactions were carried out for indicated time periods and subjected to western blotting with ubiquitin, c-IAP1, or OTUB1-specific antibodies. (B) 293T cells were transiently transfected with Myc-c-IAP1, Flag-OTUB1 (wild-type or C91A mutant), K48-, K11-, or K63-only ubiquitin constructs and vector plasmid for 40 h. Cells were lysed and lysates were immunoprecipitated with anti-Myc affinity resin. Inputs from cellular lysates and immunoprecipitates were examined by western blotting with Myc, Flag, and HA antibodies. phenotype that is very similar to that observed in the embryos injected with Birc2 MO, as well as in lowered levels of Birc2 protein ( Figure 7B-D) , although not as severe. Birc2 knockdown caused complete regression of ISV in the anterior trunk regions ( Figure 7B , left three panels) and produced severe defects in blood flow through the ISV. We did not observe a significant decrease in embryo viability or gross defects in anatomical development from any of the morpholinos used. In B10% of Otub1-injected embryos, we observed a defect in blood flow, although ISV and axial structure appeared normal ( Figure 7C ; Supplementary Figure S10 ; Tse et al, 2009) . These blood flow defects are possibly the first signs of regression and reflect the potential effect of Otub1 loss (Lobov et al, 2011) . Taken together, our data suggest that Otub1 is an important regulator of vascular integrity and Birc2 (c-IAP) stability in zebrafish.
Discussion
Turnover of cellular proteins regulates the availability of key components of signalling pathways, which allows proper functioning of cellular machinery (Hershko and Ciechanover, 1998) . This is often accomplished through carefully orchestrated assembly and disassembly of Cells were lysed in 6 M urea buffer, lysates were diluted twice and immunoprecipitated using linkage-specific anti-ubiquitin antibodies or control antibody (anti-Herceptin). Immunoprecipitated material was detected using anti-c-IAP1 antibody. (B) TWEAK stimulates K48-linked c-IAP1 polyubiquitination. HT1080 cells were pre-treated with MG132 for 30 min followed by the TNFa (50 ng/ml) or TWEAK (100 ng/ml) treatment for 7 min. Cells were lysed and immunoprecipitated as in (A) and immunoprecipitated proteins were detected using anti-RIP1 and c-IAP1 antibodies. (C) A2058 cells were transfected with control or OTUB1-specific siRNA oligos and 48 h later treated with MG132 (20 mM) for 1 h and subsequently with a-Flag antibody cross-linked TWEAK for indicated time periods. Cellular lysates were immunoprecipitated with TWEAK as described in Materials and methods, precipitates disrupted in 6 M urea and re-immunoprecipitated with K48 ubiquitin chain-specific antibodies. Lysates and precipitates were examined by western blotting with indicated antibodies. (D) A2058 cells were treated with MG132 (20 mM) for 1 h and with TWEAK for indicated time periods. Cellular lysates were immunoprecipitated with TWEAK as in (B) and examined by western blotting with indicated antibodies. polyubiquitin chains (Ikeda and Dikic, 2008) . Cleavage of polyubiquitin chains is carried out by deubiquitinases, a group of enzymes that remove ubiquitin modifications from substrate proteins (Reyes-Turcu et al, 2009) . Our search for regulators of c-IAP1 stability identified the deubiquitinase OTUB1 as a c-IAP interacting protein that can cleave K48-linked polyubiquitin chains from c-IAP1. The validation of OTUB1 as a DUB for c-IAP1 stems from its identification as a c-IAP binding partner in mass spectrometry analysed pull-downs, its ability to modulate IAP antagoniststimulated proteasomal degradation of c-IAP1, and its role in TNF-dependent cell death pathways. Although several other deubiquitinating enzymes were identified in pull-downs or in our DUB screen, OTUB1 was the only candidate that consistently demonstrated the capacity to bind to and regulate K48-linked polyubiquitination of c-IAP1. OTUB1 has garnered a lot of attention lately because of its ability to block ubiquitination in a canonical fashion-by removing K48-linked chains, and in a non-canonical fashion-by binding a select group of ubiquitin conjugating enzymes and suppressing their enzymatic function (Edelmann et al, 2009; Nakada et al, 2010; Juang et al, 2012; Sato et al, 2012; Wiener et al, 2012) . Although OTUB1 appears to rely on its non-canonical E2-blocking activity to regulate ubiquitination in response to DNA damage (Nakada et al, 2010; Sun et al, 2012), our data suggest that OTUB1 regulates c-IAP1 stability by disassembling K48-linked chains. This was demonstrated in reconstituted in vitro ubiquitination and deubiquitination reactions, as well as in cellular studies where the presence or absence of OTUB1 did not affect c-IAP1-mediated ubiquitination of RIP1 or NIK kinases. However, it is possible that c-IAP1 mediates some other, yet unidentified, biological processes where the non-canonical function of OTUB1 may play an important regulatory role.
Ligands and receptors of the TNF superfamily are instrumental for the immunity, development, and homeostasis of metazoan organisms (Locksley et al, 2001) . TNFR signalling activates NF-kB and MAPK pathways in a ubiquitin-dependent manner and c-IAP proteins are critical E3 ligases responsible for proper functioning of these signalling pathways. In the absence of the c-IAP proteins, TWEAK-stimulated signalling and gene expression are drastically reduced (Varfolomeev et al, 2012) . Downregulation of OTUB1 and the consequent enhancement of c-IAP1 K48-linked polyubiquitination led to faster c-IAP1 degradation and dampened TWEAK-induced signalling. Absence of OTUB1 affected canonical NF-kB and MAPK signalling but not noncanonical NF-kB pathway activation; this is likely because c-IAP1 levels drop following TWEAK signalling, even in the presence of OTUB1 (although not as rapidly). The loss of c-IAP1 liberates NIK from degradative ubiquitination and allows activation of non-canonical NF-kB signalling (Varfolomeev et al, 2007) . This differential effect of OTUB1 on signalling pathways is reflected in gene expression and cytokine production-the reduction in canonical NF-kB and MAPK activation results in lowered early cytokine production but not at later time periods when non-canonical NF-kB activation allows comparable induction of gene expression. One of the cytokines upregulated by these signalling pathways is TNFa. When c-IAP proteins are present and stable TNFa does not stimulate cell death (Moulin et al, 2012) . However, the absence of OTUB1 enhances TWEAK-or IAP antagonist-stimulated c-IAP1 degradation and lowers the threshold of apoptotic sensitivity, leading to caspase activation and cell death. TWEAK and IAP antagonists promote K48-linked ubiquitination of c-IAP1 leading to its degradation ( Figure 5 ; Varfolomeev et al, 2007) . TNFa, however, does not stimulate c-IAP1 K48-specific ubiquitination nor does it promote c-IAP1 degradation ( Figure 5 ; Supplementary Figure S8 ; Varfolomeev et al, 2012) . A K48-linked ubiquitin -specific DUB that associates with c-IAP1, OTUB1, ensures proper level of K48-linked c-IAP1 ubiquitination and allows the fine-tuning of signalling and cell death pathways that rely on c-IAP proteins. Collectively, these results suggest that stimuli that promote c-IAP1 K48-specific ubiquitination and destabilization can be regulated by OTUB1 resulting in TNF-dependent cell death. In zebrafish, downregulation of OTUB1 orthologues destabilized the c-IAP orthologue Birc2 resulting in severe defects in vascular integrity and blood flow in ISV. Therefore, OTUB1 regulates c-IAP stability in mammalian cells and in lower vertebrates with considerable consequences for TNFR-mediated signalling pathways.
IAP antagonists are a class of IAP protein-targeted compounds that show great promise for the treatment of human malignancies and are currently under investigation in clinical trials (Flygare et al, 2012; Fulda and Vucic, 2012) . Our data indicate that OTUB1 is an important modulator of c-IAP1 stability with potential to regulate IAP antagonist-stimulated cell death. Indeed, in a number of cancer cells, knockdown of OTUB1 potentiated IAP antagonist-induced apoptosis suggesting that targeting OTUB1 might have beneficial effects in IAP targeting treatment scenarios. Thus, future studies involving combined targeting of OTUB1 and IAP proteins might pave a way for novel therapeutic strategies.
Materials and methods
Cell lines, reagents, and transfections HEK 293T human embryonic kidney cells, SKOV3 ovarian carcinoma cells, HT29 human colon carcinoma cells, HT1080 human fibrosarcoma cells, Panc1 human pancreatic carcinoma cells, Hs294T and A2058 human melanoma cells, and Ramos B cell lymphomas were obtained from American Type Culture Collection. EVSA T human breast carcinoma cells were obtained from DSMZ (German Collection of Microorganisms and Cell Cultures). All cells were grown and maintained in 50:50 RPMI-1640/DMEM medium supplemented with 10% fetal bovine serum (FBS), penicillin, and streptomycin.
KMS18 multiple myeloma cells were from Japanese Collection of Research Bioresources (JCRB). The pBabe-puro empty vector or vector containing human c-IAP1 or c-IAP2 cDNA tagged at N-terminus with 3 Â Flag tag constructs were introduced into KMS18 cells after retroviral infection and KMS18 stable cell lines expressing 3 Â Flag c-IAP1, c-IAP2, or vector were selected and maintained in the media with puromycin.
Human recombinant soluble TNFa, TNFRII-Fc fusion protein, TWEAK, FasL, aDR5 (Drozitumab), and BV6 were produced at Genentech, Inc., LIGHT and aCD40 antibody were purchased from R&D Systems. For all treatments, Flag-tagged TWEAK ligand was cross-linked with anti-Flag antibody, His-tagged LIGHT was crosslinked with anti-His antibody, and agonistic aCD40 antibody was cross-linked with secondary anti-IgG2b antibody. MG132 was purchased from American Peptide Company, z-VAD-Fmk from Calbiochem, etoposide, iodoacitomide, Actinomycin D, N-ethylmaleimide (NEM), and Apyrase from Sigma. Antibodies against actin (Sigma), Myc (Upstate), Flag (Sigma), HA (Roche), His (Qiagen), ubiquitin (P4D1, Cell Signaling), RIP1, P-JNK, Mcl1, TRAF2 (BD Biosciences), c-IAP1 (Enzo and R&D Systems), c-IAP1/2 pan, TAK1 (R&D Systems), c-IAP2 (AbCam), XIAP, IkBa, P-IkBa, P-p38, P-IKKa/b-Ser 176/180, caspase-3, caspase-8, FN14 (Cell Signaling), OTUB1 (Everest Biotech and Bethyl), USP15 and NIK (Novus), p53 (NeoMarkers), TRAF3 (Invitrogen), TRAF6, p100 (Millipore) were purchased, and K11-, K48-and K63-linkagespecific anti-ubiquitin antibodies were described previously (Newton et al, 2008; Matsumoto et al, 2010) . Plasmids expressing Flag-c-IAP1, Flag-c-IAP2, Myc-c-IAP1, Myc-NIK, and HA-ubiquitin variants (K11-, K48-, K63-only) have been described previously (Varfolomeev et al, 2007; Dynek et al, 2010) . Expression constructs for Flag-tagged OTUB1 were from DUB library collection in pRK2001 vector (Pereg et al, 2010) . Mutation for active site of OTUB1 C91A was introduced using QuikChange site-directed mutagenesis kit (Stratagene). HEK293T and A2058 cells were transiently transfected with plasmids using Geneporter 2 reagent (Genlantis) or Lipofectamine 2000 (Invitrogen), respectively. All siRNA transfections were done using Lipofectamine RNA iMax (Invitrogen); siRNA sequences are included in Supplementary data.
DUB screen
A collection of DUB constructs was provided by Vishva Dixit (Pereg et al, 2010) . Flag-tagged deubiquitinating enzyme constructs were transfected into 293T cells using FuGene 6 (Roche). Forty-eight hours later cells were treated with BV6 (2 mM) for 10 min, lysed, and lysates were analysed by western blotting with c-IAP1, Actin, and Flag (DUBs) antibodies. The Myc-A20 expression construct was provided by Ingrid Wertz.
Western blot analysis and immunoprecipitation
Western blot analyses and immunoprecipitations were performed as described previously with the following lysis buffer: 20 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, and protease inhibitor cocktail (Roche) (Varfolomeev et al, 2012) . For immunoprecipitation of endogenous TWEAK receptorassociated complex indicated cells (5 Â10 7 cells per time point) were left untreated or treated with a-Flag antibody cross-linked Flag-TWEAK (1 mg/ml) for indicated period of time. Following PBS washes, cells were lysed in modified lysis buffer with 0.1% SDS (40 mM Tris-HCl (pH 7.5), 100 mM NaCl, 1 mM CaCl 2 , 1 mM MgCl 2 , 1% Triton X-100, 20 mM MG132, 4 mM NEM, 20 mM iodoacetomide and EDTA-free protease inhibitor cocktail; Roche). Cellular lysates were sonicated briefly to break DNA, pre-cleared with agarose beads, and immunoprecipitated with protein-A/G beads. Immunoprecipitated protein complexes were washed several times in lysis buffer, resolved on SDS-PAGE and immunoblotted with the indicated antibodies. Detection of endogenous K11-, K48-, and K63-linked c-IAP1 ubiquitination was performed as described previously (Dynek et al, 2010) . For detection of K48-specific ubiquitination of c-IAP1 within TWEAK complex, the immunoprecipitated endogenous TWEAK receptor complexes were washed in lysis buffer and then disrupted in 6 M Urea containing buffer (20 mM Tris-HCl (pH 7.5), 135 mM NaCl, 1.5 mM MgCl 2 , 1 mM EGTA, 1% Triton X-100, 20 mM MG132, 4 mM NEM, 20 mM iodoacetomide and protease inhibitor cocktail; Roche), diluted two times, and reimmunoprecipitated with K48-linkage-specific anti-ubiquitin antibody as described previously (Newton et al, 2008) . Immunoprecipitated proteins and lysates were resolved on SDS-PAGE and immunoblotted with c-IAP1 antibody. Nuclear fractionation for p52 detection was performed using NE-PER nuclear and cytoplasmic extraction reagents according to manufacturer instructions (Pierce Biotechnology).
Ubiquitination and deubiquitination assays
Reconstituted c-IAP1 auto-ubiquitination assays were performed as described previously (Varfolomeev et al, 2007; Blankenship et al, 2009 ) using 0.5 mg of ubiquitin (wild type, K48-only, or K11-only), 1 mg E2 (UbcH5c) and 1 mg of c-IAP1 with the following modifications: 2 mg of recombinant OTUB1 wild-type protein or C91A mutant was added to the reconstituted ubiquitination reaction lacking E3 enzyme, pre-incubated for 15 min at 301C, followed by the addition of c-IAP1. Autoubiquitination reactions were stopped at indicated times by adding 4 Â LDS loading buffer, boiled at 901C for 10 min and resolved on SDS-PAGE. To assess in vitro OTUB1 DUB activity on ubiquitinated c-IAP1 as a substrate, 1 mg of c-IAP1 was autoubiquitinated in assay using 1 mg of K48-only, or K11-only ubiquitin at 301C for 20 min. An aliquot was taken and prepared for western blot analysis. The ubiquitination reaction was stopped by addition of 1 U/ml of apyrase (ATP diphosphohydrolase). After 1 h of incubation at 371C, reactions with autoubiquitinated c-IAP1 were diluted six times in DUB buffer containing recombinant 2 mg of OTUB1 wild-type or C91A catalytic mutant. The deubiquitination assay was carried out for indicated time periods at 371C and samples were analysed by western blotting.
Mass spectrometry analysis KMS18 cells stably transfected with Flag-tagged c-IAP1 or c-IAP2, or vector were lysed in 1% Triton buffer and lysates were incubated with a Flag resin for 2 h followed by elution with Flag peptides overnight. Eluates were concentrated and protein samples were separated by SDS-PAGE and Coomassie stained. In gel digestions were performed and samples injected on an LTQ-Orbitrap mass spectrometer as previously described (Phu et al, 2011) . The mass spectrometer was operated in data-dependent top8 mode with a full MS scan collected at 60 000 resolution in the Orbitrap and fragment ion MS/MS collected in the ion trap. Acquired MS/MS scans were searched against a concatenated target-decoy database compiled from Uniprot protein sequences and common contaminants across a 50-ppm mass window. Peptide spectral matches were filtered to a peptide level false discovery rate (FDR) of o0.5% using a two-stage linear discriminant analysis, initially filtering to 5% at the peptide
